The beneficial effects of the phytochemical compounds in fruits and vegetables have been extrapolated mainly from in vitro studies or short-term dietary supplementation studies. Recent approaches using animal models of Caenorhabditis elegans are becoming quite popular, and in this regard the effects of Alpinia zerumbet leaf extract (ALP) on C. elegans lifespan were investigated under both normal and stress conditions. ALP significantly increased, mean lifespan by 22.6%, better than the positive control, resveratrol. Furthermore, both under thermal and oxidative stressed conditions, ALP increased the survival rate significantly better than quercetin. Further studies indicated that the significant longevity-extending effects of ALP on C. elegans can be attributed to its in vitro free-radical scavenging effects and its upregulation of stress-resistance proteins, including superoxide dismutase 3 (SOD-3) and heat-shock protein (HSP-16.2). These results suggest that phytochemical compounds in A. zerumbet have beneficial effects on the lifespan of C. elegans, and that they can be used as a source of dietary supplements for aging and age-related diseases.
Plants contain a variety of phytochemical compounds that are not involved in primary metabolism and protect against UV-induced damage as well as stress. Furthermore, the beneficial health effects of a diet rich in fruits and vegetables are at least in part attributed to be the polyphenols that are present in many herbal edibles. Many phenolic compounds have revealed a remarkable spectrum of biochemical and pharmacological actions thought to be due to their antioxidative and free-radical scavenging properties. 1, 2) Antioxidants counteract the excessive formation of reactive oxygen species (ROS), which results in oxidative stress, a pathological situation related to various age-related diseases, cancer, and aging. [3] [4] [5] [6] [7] Extensive studies suggest that ROS, by-products of cellular respiration, play a role in normal aging by causing random deleterious oxidative damage to a variety of tissues. 8, 9) The nematode worm Caenorhabditis elegans (C. elegans) is increasingly popular as a model organism in aging studies as well as for testing antioxidants and other compounds for effects on longevity. 10) Resistance to ROS due to increasing activities of ROS-detoxifying enzymes or low intrinsic ROS-production levels in longlived C. elegans mutants substantiate the free-radical theory of aging.
11)
Alpinia zerumbet (alpinia) (family, Zingiberaceae) is a perennial ginger growing widely in the subtropics and tropics. It is used in folk medicine for its antiinflammatory, bacteriostatic, and fungistatic properties.
12) The essential oil extracted from its leaves possesses both relaxant and antispasmodic actions. 13) In Okinawa, alpinia leaves are used to prepare a traditional food, mu-chi, which is widely believed to be preventive against the common cold. 14) Many researchers have focused their investigations on this shrub for the purpose of finding compounds bioactive against a variety of human diseases. We have reported on the antioxidant activity and antimicrobial and phenolic contents of alpinia, 15, 16) and have isolated active compounds from the rhizomes of A. zerumbet against HIV-1 integrase and neuraminidase enzymes. 17) Recently, we reported the inhibitory effects of this plant on advanced glycation end-products formation. 18) In the present study, we investigated the longevity-extending effects of alpinia leaf extract (ALP) in C. elegans, and found that ALP significantly improved longevity under normal and stress conditions.
Materials and Methods
Strains, and the maintenance of C. elegans. Wild-type C. elegans strain N2 (var. Bristol) and transgenic strains CF1553 (muls84) and the CL2070 (dvls 70), as well as OP50 bacteria were purchased from the Caenorhabditis Genetic Center (University of Minnesota). All strains were routinely propagated at 20 C on Nematode Growth Medium (NGM) plates with Escherichia coli strain OP50 as food source. Synchronization of worm culture was achieved by treating gravid hermaphrodites with bleach (50% sodium hypochlorite and 2.5 M y To whom correspondence should be addressed. Tel: +81-98-895-8803; Fax: +81-98-895-8734; E-mail: b986097@agr.u-ryukyu.ac.jp Abbreviations: alpinia, Alpinia zerumbet; ALH, alpinia hot water; ALP, Alpinia zerumbet leaf extract; Ale, ethyl acetate fraction; Alh, hexane fraction; EGCG, epigallocatechin gallate; FudR, 5-fluorodeoxyuridine; HSP-16.2, heat-shock protein; NGM, nematode growth medium; ROS, reactive oxygen species; RES, resveratrol; SOD-3, superoxide dismutase 3 sodium hydroxide) and recovering the hatched L1 larvae on NGM/ OP50 plate. 19) Extract preparation. Fresh alpinia leaves (50 g) were boiled in water for 20 min, and the cooled extract was filtered and vacuum-dried at 40 C. The crude extract was re-dissolved in water (10 mg/mL) and kept in a refrigerator until use, it is denoted ALH. For the preparation of a phenol-rich fraction, 50 g of fresh leaf was extracted with 50% ethanol (500 mL) over 48 h. The filtered extract was evaporated to dryness under vacuum at 40 C, and the dried extract was dispensed in water. Liquid-liquid partition with hexane (Alh) and ethyl acetate (Ale) was done. A stock solution (10 mg/mL) of the water-soluble fraction (ALP) was prepared by dissolving vacuum-dried (40 C) extract in water, and stored at 4 C until use. To prepare plates supplemented with alpinia extract, the stock solution of extract was inserted into freshly autoclaved NGM plates (at 55 C) to the desired final concentration.
Total phenol content and antioxidant activity of various fractions. The total phenol content of the samples was determined using Folin reagent. 20) Briefly, to 0.2 mL of sample (500 mg/mL), 1 mL of 50% Folin-Ciocalteu reagent was added. After mixing, 0.8 mL of 7.5% sodium bicarbonate was added, and the mixture was allowed to stand for 30 min with intermittent shaking. The absorbance was measured at 760 nm using a Shimadzu UV-Vis spectrophotometer (Shimadzu, Kyoto, Japan, Mini 1240). Total phenolic content was expressed as gallic acid equivalent (GAE) in mg per g of extract. Similarly, the in vitro antioxidant activity of ALP was determined by assessing the scavenging activity of the DPPH and ABTS radicals. 20) All tests were carried out in triplicate, and were repeated twice. Results are expressed as mean AE SE of for data sets.
Assessment of resistance to oxidative and thermal stress. To prepared NGM plates treated with alpinia extract at various concentrations and quercetin, age-synchronized larva (L1) were added and maintained at 20 C for 96 h. About 30-40 worms were transferred to S-basal medium containing 0.5 mM H 2 O 2 for 8 h. 21) After this, the S-basal medium containing both living and dead nematodes was transferred to fresh NGM plates, and the numbers of nematodes living and dead were counted. Survival was scored as the number of animals responsive to gentle touch as a fraction of the original number of animals on the plate. Thermotolerance assays were performed with hermaphrodites on adult day 5, after most egg-laying had ceased. The animals were transferred onto 3.5 cm NGM agar plates supplemented as indicated, and then incubated at 35 C. Scoring was done every 2 h by counting the dead nematodes, not responsive to the gentle touch by platinum tip. For transgenic strains CL1553 and CF2070, the worms were exposed to thermal stress for 6 h, and the survival rate was determined.
Lifespan assays of C. elegans. For lifespan assays, the synchronized nematodes (20-30 per plate) were maintained in 3.5-cm NGM plates seeded with live OP-50 E. coli and supplemented with various concentrations of alpinia extract and resveratrol (100 mM). On the first day of adulthood (day 4), 400 mL of 5-fluorodeoxyuridine (FUdR) was added to prevent progeny development. 22) The nematodes were fed with live OP-50, and every fourth day, 80 mL of live E. coli were added to the NGM plates in order to prevent starvation. Counting of dead animals was done every 2 d, as described above.
Fluorescence quantification and visualization. The GFP fluorescence of the GFP-expressing populations was assayed with a MTP-880 fluorescence meter (Corona Electric, Hitachinaka, Japan) control and 15 treated (with ALP 10 mg/mL) 4-d-old worms were transferred in 100 mL of phosphate buffer to the wells of a Nunc 96-well microtiter plate (black, clear, flat-bottom wells), and total GFP fluorescence was measured at 490 nm excitation and 530 nm emission filters.
23) The experiment was done in triplicate with two repetitions. The results are presented as mean AE SE for six experiments. For fluorescence microscopy, GFP photographs of the transgenic worms were taken under an Olympus DP-70 microscope.
Reverse transcriptase PCR (rtPCR). The worms were treated with 0, 25, 50, and 100 mg/mL ALP from L1 for 4 d. Total RNA was extracted from the adult worms with Isogen Life Science (Tokyo, Japan) and cDNA was prepared with a One Step RT-PCR kit (Qiagen, Tokyo, Japan). The primers used were as follows: act-3 GTAGACAATGGATCCGGA (F) and ACGATACCGTGCTCAATT (R); hsp-16.2 ATGAGAGATATGGCTCTGATGGA (F) and ACC-GCTTCTTTCTTTGGCGCAAC (R); sod-3 CCAGATCTCCCATTC-GACTA (F) and AGGTTCTCCACCATCCTTAG (R).
Statistical analysis. The data from the lifespan assays and the stressresistance assays were processed by Kaplan-Meir survival analysis of SPSS 16.0. p values were calculated by Kaplan-Meier log-rank pairwise comparison between the ALP-treated group and the control and the ALP-treated and resveratrol-treated groups. Other data were analyzed using Excel (Microsoft Office, 2007). Standard error bars of the averages appear in the figures.
Results
Alpinia hot-water (ALH) extract increased tolerance of heat and oxidative stress
To determine the protective effect of alpinia leaf hot-water extract against thermal stress in C. elegans, young adults were pretreated with ALH at 62.5, 125, and 250 mg/mL with quercetin at 50 mg/mL before exposure to 35 C or H 2 O 2 . The results indicated that pretreatment enhanced the resistance of the both heat shock and H 2 O 2 , and consequently increased survival rates. Under heat stress, the median survival rate for the unfed nematodes was 11.5 h, while a concentration-dependent increase was seen the treated worms (Fig. 1, Table 1 ). The ALH 125 and the 250 mg/mL treated worms had similar performance to the positive control, quercetin (Table 1 , p < 0:01). For oxidative stress, 36.4% of all nematodes survived after 8 h of exposure in H 2 O 2 in the case of the control group ( Table 2 ). The increase in the survival rate for quercetin was found to be 65.8%, while for the ALH treated worms, the rate increased by 77.2, 112.9, and 131.6%, respectively at 62.5, 125, and 250 mg/mL (Table 2) .
ALP significantly extend the lifespan of wild-type N2 C. elegans under normal culture conditions
The water fraction (ALP) contained the highest amount of total phenol ( Fig. 2A) , it was used in further assays. We investigated the in vitro DPPH and ABTS free-radical scavenging activities of ALP in order to determine its antioxidant power. The extract scavenged these radical formations in a dose-dependent manner (Fig. 2B) . In order to determine the longevity-extending effects of ALP, C. elegans were exposed to various concentrations of extracts (0, 25, 50, and 100 mg/mL) with resveratrol (100 mM) as positive control (Fig. 3) . A concentration-dependent effect on longevity was observed in both trials. There was a significant increase in the estimated mean life of the worms fed 50 and 100 mg/ mL of ALP (Table 3) . Similarly, the combined mean lifespan for the two trials also increased, by 4.2, 20.8, and 45.2% for 25, 50, and 100 mg/mL of ALP. Resveratrol (100 mM) showed an increase of 18.9%, as compared with that of the control (Table 3 ). The ALP 100 groups showed significantly better lifespan-extending properties than the resveratrol-treated worms, with an increase of 20.8 and 17.6% in the two trials performed. The ALP 50-fed worms showed lifespanextending properties similar to the resveratrol group (p ¼ 0:746, and 0.419 in two trials). Furthermore, when there was no worm still alive in the control group, almost 40% of the worms were still alive under 100 mg/ mL ALP treatment. Similarly, the maximum lifespan of the nematodes also significantly increased, by 13.0, 32.6, and 60.9%, for concentration of 25, 50, and 100 mg/mL ALP. Resveratrol (100 mM) showed an increase of 33.5% compared to control.
Effects of ALP at low concentrations under thermal and oxidative stress on C. elegans
The effects of ALP under thermal and oxidative stress on C. elegans at low concentrations of 2.5, 5, and 10 mg/ Water fraction (ALP) contained the highest total phenolic content (A). ALP showed dose-dependent increases in the activities of DPPH and ABTS radical scavenging (B). mL, were investigated (Fig. 3) . It was found that the median survival rate at ALP 2.5, 5, and 10 mg/mL were 12.3, 13.5, and 14.0 h, at increase of 7.0, 17.4, and 21.7%, respectively (Table 1) . ALP at 5 and 10 mg/mL showed activity similar to quercetin (Table 1, p < 0:01). In the case of oxidative stress, the median survival rates increased by 80.6, 92.5, and 112.8% at the indicated concentrations (Table 2) .
ALP upregulated SOD-3::GFP expression in transgenic C. elegans CF1553
To determine whether the increase in stress resistance was due to ALP regulation of a specific stress-response gene, we examined the responsiveness of an antioxidant enzyme, SOD, to 10 mg/mL. The ALP-treated group demonstrated significantly higher SOD-3::GFP intensity in photographs taken with a confocal laser scanning microscope (Fig. 4A, B) . Quantification of intensity through a microplate reader showed that ALP at 10 mg/ mL significantly upregulated SOD-3::GFP expression, by more than 143% (Fig. 4C) .
ALP upregulated the expression of heat-shock protein HSP-16.2 in transgenic C. elegans CL2070 CL2070 worms containing the HSP-16.2::GFP reporter gene were treated by heat shock at 35 C for 2 h and allowed to recover at 20 C for 12 h. The 10 mg/mL sample showed higher HSP-16.2::GFP intensity as judged by confocal laser scanning microscope (Fig. 5A,  B) . The intensity of fluorescence was quantified, and the ALP significantly upregulated HSP-16.2::GFP expression, by almost 1.5 times in CL2070 (Fig. 5C , p < 0:01).
ALP upregulated the mRNA expression of aging associated genes in wild-type C. elegans
The rtPCR results showed that there was an increase in the expression of the SOD-3 and the hsp-16.2 gene in the treated samples (Fig. 6) . Upregulation of both genes is consistent with the effect of ALP on GFP expression. These results suggest that ALP improved the stress resistance of C. elegans and extended the lifespan of the worms by regulating the aging related genes.
Discussion
Researchers have indicated that intake of typical Okinawan medicinal and edible plants contributes to the longevity of the local people. 24, 25) Nakatani suggested that the antioxidant compounds in the Okinawan plants contributes to the good health of the islanders. 26) Most of these plants contain polyphenols that have antioxidant A B Fig. 3 . Effects of ALP on Lifespan.
ALP extended lifespan and slowed aging in C. elegans in trial 1 (A) and trial 2 (B). Treatment with ALP (0, 25, 50, 100 mg/mL) and resveratrol (RES) 100 mM. activities. 27) We reported that leaf extract contained high amount of phenolics content and it showed antioxidant activities, 15) and since these phenolic compounds have been associated with longevity in nematodes, we wanted to investigate the anti-aging properties of alpinia leaf.
We began by exploring the effects of a hot-water extract of alpinia leaf (ALH) on the wild N2 nematode under the thermal and oxidative stress. We found that there was a concentration-dependent increase in the thermo-tolerance of the N2 strain. When the nematodes were exposed to oxidative stress similar results were obtained. In both experiments, the worms fed 125 and 250 mg/mL the extracts showed significantly better stress tolerance than the positive control, quercetin (50 mg/mL). We then studied the proceeded to do lifespan assays of nematodes using the same concentration of the extract (ALH). The adult worms tried to escape the plate after day 7, and hence no conclusive data were obtained. It appears that prolonged exposure of C. elegans to hot-water leaf extract does not have beneficial effects in extending the lifespan of the worm.
Since the ALP fraction the highest amount of phenolics next we investigated the effects of this fraction on C. elegans lifespan and stress-tolerance properties. In these investigations, we chose lower concentrations of ALP (2.5, 5, 10 mg/mL). There was an increase in thermo-as well as oxidative-tolerance in C. elegans. Our results indicated that ALP 5 and 10 mg/mL had significantly better oxidative stress-resistance capacity than quercetin (50 mg/mL) under these conditions (Table 2, p < 0:01). Researchers have found that quercetin can increase thermal and oxidative stress tolerance in C. elegans. 19) When ALP at concentrations of 2.5, 5, and 10 mg/mL was used in the lifespan assay, there was no significant difference as compared with the untreated worms (data not shown). Hence we increased the concentration to 25, 50, and 100 mg/mL to investigate the lifespan-extending. We found that 100 mg/mL of ALP significantly extended the lifespan of C. elegans, more than 100 mM resveratrol (p < 0:001). These results indicate that although a very low concentration is sufficient to increase stress tolerance in the worms, for a longevity increment. The delay in the aging of the worms may be attributed to the high phenolic content of the ALP fraction.
Phenolic compounds in plants have been found to function as free-radical quenchers due to their high reactivity as electron donors. 28) Researchers have found that grape resveratrol, 10) polyphenols from blueberry, 21) phenolic antioxidants from spinach, 22) epigallocatechin gallate (EGCG) from green tea, 23) and Ginkgo biloba, 29) had beneficial effects on C. elegans aging. In the present study, alpinia leaf extract (ALP) significantly increased the lifespan of C. elegans under normal and stress conditions. It has been proposed that free-radical species cause the deterioration of an organism. 8) During cellular metabolism, aerobic organisms generate ROS, the hydroxyl radical, the superoxide anion, and hydrogen peroxide, which are removed by the antioxidant defense systems in the organism. 8) We confirmed the radicalscavenging activity of ALP in vitro, and then investigated to determine whether it has the same the effects in vivo.
A variety of genes are involved in the regulation of the lifespan of C. elegans. In this study, we investigated the effects of ALP on regulation of the SOD-3 and the HSP-16.2 gene, both of which are important regulators of lifespan and stress resistance in C. elegans. The HSP-16.2 family of proteins are homologous to -crystalline and are expressed under conditions of stress in C. elegans. 30) They can serve as stress-sensitive reporters to predict longevity in C. elegans. Higher levels of HSP-16.2::GFP predict longer mean remaining longevity. 31) In this study, the effect of ALP on the expression of HSP-16.2 was investigated to provide clues to the protective effects of ALP on C. elegans under thermal stress. To determine whether the increase in stress resistance was due to ALP regulation of a specific stressresponse gene, we further examined the responsiveness of an antioxidant enzyme, SOD. We found that ALP enhanced the stress resistance of C. elegans under environmental stress prolonging its longevity. Both SOD-3 and HSP-16.2 are downstream effectors of DAF-16, and they can serve as stress-sensitive reporters to predict the longevity in C. elegans. 30, 32) ALP upregulated both reporters, and therefore it appears that the longevity extension in C. elegans under normal and stress conditions may also be attributed to this property.
In conclusion, since mortality in a population is usually closely associated with environmental stress, our results indicate that ALP can significantly enhance the longevity of C. elegans under normal as well as stress conditions. This lifespan-extending ability can be attributed to its free-radical scavenging activity, through upregulation of reporters such as HSP-16.2 and SOD-3. These results suggested that A. zerumbet leaf extract has beneficial effects on the lifespan of C. elegans, and that it may have potentials in the search for natural compounds that work against aging and age-related diseases.
